This paper describes the f i r s t phase o f an e f f o r t t o develop m u l t i d i m e n s i o n a l models o f S t i r l i n g engine components; the u l t i m a t e goal i s t o model an e n t i r e engine working space. More s p e c i fi c a l l y , t h i s paper describes p a r a l l e l p l a t e and t u b u l a r h e a t exchanger models w i t h emphasis on t h e c e n t r a l p a r t o f the channel ( i . e . , i g n o r i n g hydrodynamic and thermal end e f f e c t s ) . The model assumes: l a m i n a r , incompressible f l o w w i t h cons t a n t thermophysical p r o p e r t i e s .
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accuracy. The s i m p l i f y i n g assumptions w i l l l a t e r w be r e l a x e d t o p e r m i t modeling o f compressible, l a m i n a r / t u r b u l e n t flow t h a t occurs i n S t i r l i n g h e a t exchanger. E x c e l l e n t agreement has been o b t a i n e d f o r t h e model p r e d i c t i o n s w i t h a n a l y t i c a l s o l u t i o n s a v a i la b l e f o r b o t h flow i n c i r c u l a r tubes and between p a r a l l e l p l a t e s . A l s o t h e heat t r a n s f e r computat i o n a l r e s u l t s a r e i n good agreement w i t h t h e h e a t t r a n s f e r a n a l y t i c a l r e s u l t s f o r p a r a l l e l p l a t e s . NOMENCLATURE dp/dx a x i a l pressure g r a d i e n t , N/m3 
e c t i v e averaged thermal d i f f u s i v i t y , p l a t e c e n t e r l i n e , m " t h e thermal d i f f u s i v i t y t h a t w i l l produce t h e same a x i a l h e a t f l u x as o b t a i n e d f r o m r a d i a l conduction and a x i a l c o n v e c t i o n h e a t t r a n s f e r " = a*
Ax normalized e f f e c t i v e averaged thermal d i f f u s i v i t y = ae/(w AX2) t i d a l displacement " t h e cross-streamaveraged maximum a x i a l d i s t a n c e which t h e f l u i d elements t r a v e l d u r i n g one h a l f 
INTRODUCTION
NASA i s d e v e l o p i n g f r e e -p i s t o n S t i r l i n g engines f o r space power g e n e r a t i o n . These engines a r e designed w i t h computer codes which s i m u l a t e t h e o s c i l l a t i n g / r e v e r s i n g flow and o s c i l l a t i n g pressur.e l e v e l u s i n g one-dimensional flow analyses. C o n f idence i s l a c k i n g i n t h e r e s u l t i n g c h a r a c t e r i z a t i o n s o f t h e v a r i o u s i n t e r r e l a t e d thermodynamic l o s s e s . For example, t h e use o f steady-flow f r i c t i o n f a ctor and h e a t t r a n s f e r c o r r e l a t i o n s throughout t h e engine working space i s o f q u e s t i o n a b l e v a l i d i t y .
in-engine measurements o f f l o w s , v e l o c i t i e s , temp e r a t u r e s and pressure drops. However, several o s c i l l a t i n g -f l o w r i g s a r e b e i n g used t o l e a r n more about engine f l u i d mechanics and heat t r a n s f e r v i a dynamic measurements. M u l t i d i m e n s i o n a l modeli n g i s another process f o r a c h i e v i n g b e t t e r unders t a n d i n g o f f l u i d flow and h e a t t r a n s f e r phenomena i n S t i r l i n g engine working spaces. One problem encountered by use o f any numeric a l code i s t h e e v a l u a t i o n o f t h e e r r o r s i n the s o l u t i o n due t o the i n h e r e n t l y approximate numeric a l techniques. A p r a c t i c a l approach t o e v a l u a t i n g such e r r o r s i s t o compare t h e numerical s o l u t i o n for a r e s t r i c t e d v e r s i o n o f t h e problem t o an exact a n a l y t i c a l s o l u t i o n . This paper r e p o r t s on comparison o f p a r a l l e l p l a t e heat exchanger model p r e d i c t i o n s w i t h an e x a c t a n a l y t i c a l s o l u t i o n developed by Kurzweg [ll. Kurzweg's s o l u t i o n i s for o s c i l l a t i n g f l o w between p a r a l l e l p l a t e s w i t h h e a t t r a n s f e r . ( 1 ) The f l o w i s laminar, incompressible and ( 2 ) Since we a r e o n l y concerned w i t h t h e f l u i d has c o n s t a n t thermophysical p r o p e r t i e s . f l o w i n t h e c e n t r a l p a r t ( i n t h e x -d i r e c t i o n ) o f t h e channel, hydrodynamic and thermal end e f f e c t s can be ignored. T h i s assumption can be s a t i s f i e d by u s i n g a l o n g channel compared t o i t s w i d t h .
(3) As a consequence t o assumption ( 2 ) a l l c o n v e c t i o n terms i n t h e momentum and energy equat i o n s can be ignored, except for t h e p u ( a T / a x ) term i n t h e energy e q u a t i o n ; since i t i s t h e o n l y c o n v e c t i v e d r i v i n g mechanism f o r the h e a t t r a n s f e r .
(4)
The a x i a l temperature g r a d i e n t i s cons t a n t . This assumption i s c o n s i s t e n t w i t h t h e experimental f i n d i n g f o r a s i m i l a r setup [ 2 1 where i t was found t h a t t h e temperature v a r i e s l i n e a r l y w i t h x i n almost 80 p e r c e n t o f t h e c e n t r a l l e n g t h o f t h e channel.
(5) Under t h e o s c i l l a t i n g flow c o n d i t i o n s , heat t r a n s f e r i s c o n t r o l l e d by r a d i a l c o n d u c t i o n
and a x i a l convection. Therefore the a x i a l h e a t c o n d u c t i o n can be i g n o r e d .
Governing Equations form o f t h e Navier Stokes equations y i e l d s t h e f o ll o w i n g s e t o f equations:
A p p l y i n g t h e above assumptions t o t h e general C o n t i n u i t y : 
The code developed i s capable o f p r e d i c t i n g b o t h c i r c u l a r tube flow and flow between p a r a l l e l p l a t e s ; however, t h e r e s u l t s p r o v i d e d i n t h i s paper a r e o n l y f o r p a r a l l e l p l a t e s .
The pressure g r a d i e n t term i n Eq. ( 2 ) ( 1 ) They match t h e boundary c o n d i t i o n s g i v e n i n Kurzweg's C11 a n a l y s i s . A c c o r d i n g l y , t h e numeri c a l r e s u l t s can be compared w i t h h i s a n a l y t i c a l s o l u t i on.
( 2 ) The above boundary c o n d i t i o n s t o g r e a t e x t e n t c o u l d s i m u l a t e t h e c e n t r a l element (from b o t h a x i a l and r a d i a l d i r e c t i o n s ) o f a S t i r l i n g engine f o i l r e g e n e r a t o r .
Numerical Method
The above p a r t i a l d i f f e r e n t i a l equations have been transformed i n t o f i n i t e d i f f e r e n c e equations u s i n g d i f f e r e n t schemes, namely, f u l l y e x p l i c i t , Crank N i c o l s o n and f u l l y i m p l i c i t . A s e n s i t i v i t y a n a l y s i s was conducted by comparing t h e r e s u l t s from each f i n i t e d i f f e r e n c e scheme w i t h t h e f l u i d f l o w a n a l y t i c a l s o l u t i o n . I t was concluded t h a t t h e Crank N i c o l s o n scheme i s t h e most a c c u r a t e ; t h i s i s c o n s i s t e n t w i t h o t h e r r e s e a r c h f i n d i n g s f o r unsteady h e a t e q u a t i o n problems [31.
RESULTS

Comparison w i t h A n a l y t i c a l S o l u t i o n
One o f t h e main o b j e c t i v e s o f t h i s work i s t o develop an a c c u r a t e and e f f i c i e n t numerical scheme t h a t can be used w i t h confidence i n f u t u r e engine models. Therefore, an e x t e n s i v e g r i d v a r i a t i o n t e s t was conducted f o r b o t h space and time t o o b t a i n g r i d independent and a c c u r a t e numerical r e s u l t s . Table I 
n t work v e l o c i t y prochecked a g a i n s t the corresponding a n a l y t i c a l veloci t i e s a t several r a d i a l l o c a t i o n s . Figures 2 ( a ) , ( b ) , and ( c ) show t h e numerical v e l o c i t y versus t h e a n a l y t i c a l one a t v a r i o u s r a d i a l l o c a t i o n s i n t h e
channel (near w a l l r e g i o n , ylRo = 0.506; h a l f d i stance between t h e w a l l and c e n t e r l i n e ylRo = 0.75; and c e n t e r l i n e , ylRo = 1 . 0 ) . R e s u l t s a r e shown f o r water, W * = 0.306 ( F i g . 2 ( a ) ) ; water, W * = 9.0 ( F i g . 2 ( b ) ) ; and a i r , W * = 4.48 ( F i g . 2 ( c ) ) . The p l o t s show, a g a i n t h e c l o s e agreement between t h e numerical and a n a l y t i c a l s o l u t i o n s . Upon examining t h e above f i g u r e s t h e f o l l o w i n g were noted:
( w * = 0.306) t h e v e l o c i t y p r o f i l e has a maximum a t t h e channel c e n t e r l i n e .
( 2 ) A s W * increases a boundary l a y e r s t a r t s t o develop near t h e s o l i d s u r f a c e . ( 3 ) Also, as W * increases t h e flow d i r e c t i o n near t h e w a l l becomes o p p o s i t e t o t h a t i n t h e c o r e , i n c e r t a i n p a r t s o f t h e c y c l e . ( 1 ) For low dimensionless frequency F r i c t i o n f a c t o r From the v e l o c i t y p r o f i l e s d e s c r i b e d above one can o b t a i n w a l l shear s t r e s s , f r i c t i o n f a c t o r
and Reynolds number a t any pressure g r a d i e n t phase angle. I n a d d i t i o n , a root-mean-square can be c a lc u l a t e d f o r t h e w a l l shear s t r e s s as w e l l as t h e mean c r o s s -s e c t i o n a l a x i a l v e l o c i t y . From t h e l a tt e r one can c a l c u l a t e f r i c t i o n f a c t o r and Reynolds number based upon time averaged q u a n t i t i e s , s i m il a r t o t h e work done on c i r c u l a r tubes b y Chen and
G r i f f i n C41. Chen and G r i f f i n had o b t a i n e d a c o r r e l a t i o n f o r t h e normalized f r i c t i o n f a c t o r ( w i t h r e s p e c t t o t h e corresponding u n i d i r e c t i o n a l flow), f / f s , based upon an approximate v e l o c i t y p r o f i l e g i v e n by White [51. Work i s underway t o compare p r e s e n t work r e s u l t s w i t h Chen and G r i f f i n ' s c o r r e l a t i o n .
Heat T r a n s f e r R e s u l t s I n t h e channel f l o w u d e r study, t h e maximum r a d i a l temperature d i f f e r e n c e , between t h e channel w a l l temperature and t h e b u l k f l u i d temperature, can be o b t a i n e d by i g n o r i n g t h e r a d i a l h e a t conduct i o n . A c c o r d i n g l y , t h i s maximum r a d i a l temperat u r e d i f f e r e n c e i s equal t o t h e a x i a l temperature g r a d i e n t times t h e t i d a l displacement. Now, one can o b t a i n a normalized temperature p r o f i l e u t i l i zi n g t h e maximum r a d i a l temperature d i f f e r e n c e d e s c r i b e d above.
Figures 4(a) and ( b ) show t h e normalized temp e r a t u r e p r o f i l e versus ylRo f o r W * = 0.306 ( w a t e r ) , and W * = 4.48 ( a i r ) a t d i f f e r e n t pressure g r a d i e n t phase angles +. I t should be noted t h a t the s o l i d i s represented i n the r e g i o n y/Ro,= 0 t o 0 . 5 .
The temperature f l u c t u a t i o n i n the f l u i d i s much l a r g e r , as expected, than i t i s i n t h e s o l i d . 
A l s o t h i s r a t i o between those temperature f l u c t u a -
y/Ro = 1.0) CONCLUDING REMARKS An accurate numerical scheme has been a p p l i e d t o c a l c u l a t e t h e f l u i d f l o w and h e a t t r a n s f e r chara c t e r i s t i c s i n an o s c i l l a t i n g channel flow. The f l o w was assumed laminar, incompressible and has c o n s t a n t thermophysical p r o p e r t i e s . A l s o a cons t a n t a x i a l temperature g r a d i e n t was imposed on the channel; however t h e a x i a l h e a t c o n d u c t i o n was assumed n e g l i g i b l e . . T h i s shows t h a t the p r e s e n t work numerical s t u d i e s c o n f i r m e a r l i e r i n v e s t i g a t i o n s .
The numerical scheme has been s u c c e s s f u l i n The i n t e r a c t i o n between a x i a l c o n v e c t i o n and r a d i a l conduction h e a t t r a n s f e r , i f tuned p r o p e r l y , would r e s u l t i n a c o n s i d e r a b l e enhanced a x i a l heat t r a n s f e r . These tuned c o n d i t i o n s , f o r t h e cases examined i n t h e paper, o c c u r r e d a t W * = 0.306 ( w a t e r ) and w * = 4.48 ( a i r ) . I t i s b e l i e v e d t h a t t h e phase s h i f t between the v e l o c i t y and temperat u r e p r o f i l e s a r e t i e d i n w i t h t h i s t u n i n g process. I n a S t i r l i n g engine r e g e n e r a t o r , these c o n d i t i o n s ( a t which maximum a x i a l h e a t t r a n s f e r o c c u r ) should be avoided. I t should be noted t h a t those tuned W * are r e s t r i c t e d t o the channel c o n f i g u r a t i o n and t h e d i f f e r e n t assumptions e x p l a i n e d i n t h e paper. A study i s underway t o examine o t h e r o p e r a t i n g condit i o n s (such as type o f f l u i d , w a l l m a t e r i a l , o r d e r o f magnitude o f a x i a l pressure and temperature g r a d i e n t s , e t c . ) t h a t a r e r e l e v a n t t o S t i r l i n g engines. T h i s work i s a f i r s t s t e p i n the planned development o f a two-dimensional code which can be used t o model S t i r l i n g engine h e a t exchangerst u b u l a r h e a t e r s , t u b u l a r and f o i l type regenerat o r s , and t u b u l a r c o o l e r s . A s t h e s t u d i e s c o n t i n u e , t h e s i m p l i f y i n g assumptions w i l l be changed t o i n c l u d e l a m i n a r / t u r b u l e n t f l o w , compress i b l e working f l u i d , and d i f f e r e n t o u t e r thermal boundary c o n d i t i o n s .
A second study has begun t o model t h e r a p i d expansion and c o n t r a c t i o n o f o s c i l l a t i n g flow e n t e r i n g and e x i t i n g t h e h e a t exchangers. This work w i l l p e r m i t t h e i n c o r p o r a t i o n o f hydrodynamic and thermal end e f f e c t c o n d i t i o n s t o the heat exchanger model.
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